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the induction of cell death and
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Chromosomal instability (CIN) is thought to be a
source of mutability in cancer. However, CIN often
results in aneuploidy, which compromises cell
fitness. Here, we used the dosage compensation
mechanism (DCM) of Drosophila to demonstrate
that chromosome-wide gene dosage imbalance
contributes to the deleterious effects of CIN-induced
aneuploidy and its pro-tumorigenic action. We pre-
sent evidence that resetting of the DCM counterbal-
ances the damaging effects caused by CIN-induced
changes in X chromosome number. Importantly,
interferingwith the DCMsuffices tomimic the cellular
effects of aneuploidy in terms of reactive oxygen
species (ROS) production, JNK-dependent cell
death, and tumorigenesis upon apoptosis inhibition.
We unveil a role of ROS in JNK activation and a
variety of cellular and tissue-wide mechanisms that
buffer the deleterious effects of CIN, including
DNA-damage repair, activation of the p38 pathway,
and cytokine induction to promote compensatory
proliferation. Our data reveal the existence of robust
compensatory mechanisms that counteract CIN-
induced cell death and tumorigenesis.
INTRODUCTION
Aneuploidy, defined as an abnormal number of chromosomes or
parts thereof, is a common feature in human cancer, and more
than 68% of human solid tumors are aneuploid (Duijf et al.,
2013). Chromosomal instability (CIN), which refers to the high
rate at which chromosome structure and number change over
time, has been proposed to be a source of mutability, as the
gain of oncogene-carrying chromosomes or the loss of tumor
suppressor gene-carrying chromosomes help the tumor cell
population to pass through critical steps of tumorigenesis (Hana-
han and Weinberg, 2011). However, CIN is highly deleterious for
the cell, and elevating chromosome mis-segregation rates alone
is not sufficient to generate stable aneuploidy in cultured cells
(Thompson and Compton, 2008). Aneuploidy results in an unbal-290 Developmental Cell 36, 290–302, February 8, 2016 ª2016 Elsevianced genome with different copy numbers for genes on
different chromosomes, and the resulting metabolic imbalance
is proposed to play a fundamental role in the compromised
fitness of aneuploid cells (Tang and Amon, 2013). Analysis of
gene expression data from aneuploid cells in several organisms
has revealed a consistent up-regulation of genes involved in the
stress response (Sheltzer et al., 2012; Stingele et al., 2012). This
response is independent of the identity of the genes with altered
copy numbers, and appears to be a consequence of the stoi-
chiometric imbalances (Tang and Amon, 2013). In addition to
the erroneous kinetochore/microtubule attachments that lead
to full-chromosome mis-segregation, merotelic attachments
are frequently observed in cells with high levels of CIN. Conse-
quently, lagging chromosomes are common and can be trapped
during cytokinesis. These chromosomes, which are being pulled
simultaneously to the two poles of the cell, can be broken, and
activate the DNA damage response (DDR) pathway (Janssen
et al., 2011).
Drosophila larval epidermal primordia have proved useful
model systems to elucidate the molecular mechanisms underly-
ing oncogene-driven tumorigenesis (Pastor-Pareja and Xu,
2013) and to demonstrate the contribution of CIN and DNA dam-
age-induced genomic instability to tumor growth (Dekanty et al.,
2012, 2015). CIN generated upon depletion of genes involved in
the spindle assembly checkpoint (SAC) or spindle assembly
leads to the production of highly aneuploid cells, which are
removed from the tissue by c-Jun N-terminal kinase (JNK)-
dependent apoptosis. When highly aneuploid cells are pre-
vented from entering this process, JNK activation drives the
expression of mitogenic molecules and matrix-metallopro-
teases, which induce tumor-like tissues that grow extensively
and metastasize when transplanted into the abdomen of adult
hosts. The observation that CIN induces a general and rapid
response of the tissue and that this response relies on the activity
of the JNK stress response pathway in highly aneuploid cells
opens the possibility that aneuploidy-induced stoichiometric im-
balances and CIN-induced DNA damage play a key role in JNK
activation and CIN-induced tumorigenesis.
Here, we found that multiple mechanisms buffer the delete-
rious effects of CIN in proliferating epithelial tissues. These
include X chromosome dosage compensation, activation of the
DDR and p38 signaling pathways, and induction of cytokines
to promote compensatory proliferation. Similar to mammalian
cells (Foijer et al., 2014; Thompson and Compton, 2010;Williamser Inc.
Figure 1. CIN Induces Changes in X Chromosome Number and in the Activity of the DCM
(A–H) Female or male wing primordia expressing the indicated transgenes under the control of the en-gal4 or nub-gal4 drivers, and stained for GFP (green, A, B;
pink, G, H), DAPI (blue, A–E), Gal4 (red, A), Msl2 (green, C–H), and Sxl (red, C–F). nub-gal4 drives expression to the central part of the wing primordium. Higher
magnifications of squared regions in (C)–(F) are shown in (C0)–(F0). Arrows and arrowheads in (A) and (B) point to groups of cells that have either lost or increased
GFP expression, respectively. Arrows in (F)–(H) point to groups of cells showing loss of Sxl and ectopic Msl2 expression.
A, anterior compartment; P, posterior compartment. Scale bars, 50 mm. See also Figures S1 and S2.et al., 2008), aneuploidy in fly cells triggers the production of
reactive oxygen species (ROS), and we present evidence that
ROS contribute to CIN-induced JNK activation. Compromising
the activity of these buffering mechanisms enhances the
tumorigenic response of the epithelial tissue to CIN. Moreover,
interference with the endogenous X chromosome dosage
compensation mechanism (DCM) phenocopies CIN-induced
tumorigenesis. Taken together, our results reveal a variety of
cellular and tissue-wide mechanisms that counteract the delete-
rious effects of CIN in epithelial tissues, and unravel a pivotal
contribution of genome-wide stoichiometric imbalances and
ROS toCIN-induced JNK activation and tumorigenesis in epithe-
lial cells.
RESULTS
CIN Leads to Changes in X Chromosome Number and in
the Activity of the Male-Specific Lethal Complex
The Drosophila primordia of the adult wing, also known as wing
discs, are epithelial monolayers that actively proliferate duringDeveloplarval development and give rise to a 1,000-fold increase in cell
number. RNAi-mediated down-regulation of the SAC genes
bub3 or rough deal (rod) induces high levels of CIN in this tissue,
as revealed by DNA content analysis of wing cells and loss-of-
heterozygosity (LOH) assaysmonitoring various genetic markers
in adult tissues and wing primordia (Dekanty et al., 2012; Morais
da Silva et al., 2013). Since most LOH assays used to verify the
induction of CIN by depletion of SAC genes in wing primordia
were based on genetic markers located on the autosomes (Dek-
anty et al., 2012), we monitored whether LOH for the X chromo-
some is also observed in SAC-depleted tissues. We first
analyzed female tissues, as they harbor two X chromosomes.
In females heterozygous for one UAS-GFP transgene located
on the X chromosome, RNAi forms of rod or bub3 were ex-
pressed (together with GFP) under the control of the en-gal4
driver in the posterior (P) compartment of wing discs (Figures
1A and S1, the en-gal4 driver and the RNAi forms are located
on the autosomes). A high frequency of wing discs with patches
of cells lacking GFP expression (but not Gal4) was observed in
the P compartment (Figures 1A and S1, arrows, n = 16/22),mental Cell 36, 290–302, February 8, 2016 ª2016 Elsevier Inc. 291
and these patches were usually accompanied by adjacent
groups of cells gaining two copies of GFP, as visualized by the
brighter expression of this protein (Figures 1A and S1, arrow-
heads, n = 47/60). These groups of cells most probably have a
clonal origin and arise from the same mis-segregation event
that took place in a progenitor cell, whereby one daughter cell
lost the transgene-carrying X chromosome and the other one
inherited two transgene-carrying X chromosomes. We also
used a Gal4-independent GFP transgene (Ubi-GFP) located on
the X chromosome to monitor LOH upon CIN induction. In fe-
males heterozygous for the Ubi-GFP transgene, wing discs
with groups of cells lacking GFP were frequently observed (Fig-
ure 1B, arrows, n = 11/18), and these were usually accompanied
by adjacent patches of cells with brighter expression of GFP
(Figure 1B, arrowheads, n = 25/52). Changes in the expression
levels of GFP were not observed in female wing discs heterozy-
gous for the UAS-GFP or Ubi-GFP transgene that were not sub-
ject to SAC depletion (Figures 1A and 1B). Collectively, these
results indicate that CIN-induced LOH for the X chromosome
is compatible with cell proliferation and viability in female tissues.
Male cells have only one X chromosome and, as expected, loss
ofUbi-GFP expression was not observed in male tissues subject
to CIN (Figure S1). Neither was this loss observed upon blockade
of the apoptotic machinery by expression of p35, a baculovirus
protein that binds and represses the effector caspases Dcp1
and DrIce (Figure S2). Thus, loss of the single X chromosome
in males is incompatible with cell proliferation or viability.
The existence of a single X chromosome in Drosophila males
creates an imbalance between X-linked and autosomal genes.
Themale-specific lethal complex (MSLc) targets Xchromosomes
in males, leading to decompaction of the chromatin fiber and
increasedgene transcription to a similar level to the oneobserved
in autosomal chromosomes. The activity of MSLc is visualized in
male tissues by the expression of Msl2, a fundamental compo-
nent of the complex (Figures 1C and 1C0). In female tissues, the
RNA binding protein Sex lethal (Sxl) induces the translational
repression of Msl2 (Figures 1D and 1D0) (Lucchesi and Kuroda,
2015). This repression can be reverted in developing wings, as
RNAi-mediated down-regulation of Sxl relieves Msl2 repression
in females (Figures 1E and 1E0). Since the expression of Msl2
and Sxl responds to the presence of one or two X chromosomes
in a cell, respectively, variations in their expression might reveal
changes in X chromosome number produced by CIN. Indeed,
SAC-depleted female tissues showed frequent loss of Sxl
expression and ectopic expression ofMsl2 in groups of cells (Fig-
ures 1F–1H, arrows). These cells lost the expression of the GFP
transgenes (Ubi-GFP or UAS-GFP) located on the X chromo-
some (Figures 1G and 1H). This observation indicates that the
ectopic expression of Msl2 is most probably a result of CIN-
induced loss of one X chromosome. In males, loss of Msl2
expression and ectopic expression of Sxl were also found in
CIN tissues (Figure S2, arrows), although these patches were
smaller and more difficult to identify. Upon apoptosis inhibition,
these patches could be frequently observed and they were of a
larger size (Figure S2). Fluorescence in situ hybridizationwas car-
ried out to label the X chromosome in CIN tissues. As expected,
loss of Sxl expression in females or ectopic expression of Sxl
in males were both associated to the corresponding changes in
X chromosome number (Figure S2). These results indicate that292 Developmental Cell 36, 290–302, February 8, 2016 ª2016 Elseviloss of one X chromosome in females and gain of one X chromo-
some in males are compatible with cell proliferation and viability.
The DCM Buffers the Changes in X Chromosome
Number Caused by CIN
TheMSLcmediatesdosagecompensationby increasing the tran-
scription of the single X chromosome in males approximately
2-fold. Upon depletion of the MSLc, male tissues fail to increase
the transcription of this chromosome (Hamada et al., 2005). In
female tissues, depletion of Sxl causes derepression of the
MSLc and increases transcription of the two existing X chromo-
somes (Alekseyenko et al., 2012). In both cases, the resulting
X chromosome-wide gene expression imbalance with respect
toautosomescanbeused toassesswhetherwhole-chromosome
gene dosage imbalance (GDI) phenocopies the cellular and mo-
lecular mechanisms underlying the elimination of CIN-induced
aneuploid cells. RNAi-mediated knockdown of Msl1, Msl2, or
Sxl induced gross abnormalities in differentiation and tissue
growth of adult wings and eyes (Figures 2A, 2D, and S3) and a
strong increase in the number of apoptotic cells in the wing
primordia (Figures 2B and 2E, arrows, and S3). As expected,
Msl1 or Msl2 depletion affected only male tissues, whereas Sxl
depletion affected only female ones. The JNK signaling pathway
is involved in various stress responses including CIN-induced
aneuploidy (Dekanty et al., 2012). Interestingly, interfering with
Msl1 inmales or Sxl in females induced JNKactivation,monitored
by the expression of matrix metalloproteinase 1 (MMP1), a direct
transcriptional target of dFos downstream of JNK signaling
(Figures 2C and 2F, arrows, and S3). MMP1 expression was
completely blocked and the number of apoptotic cellswas largely
rescued upon additional blockade of the JNK pathway, either by
expressing a dominant negative version of JNK (Basket-DN, Fig-
ures 2G and S3) or by overexpressing Puckered, a phosphatase
that dephosphorylates JNK and inhibits its activity (Figure 2G).
In both cases, we observed a large number of non-apoptotic cells
located on the basal side of the epithelium (Figure 2G, arrows).
Thus, similarly to CIN-induced aneuploidy (Dekanty et al., 2012),
cell delamination caused by GDI for the X chromosome is not a
result of JNK activation. We found that Sxl depletion in females
led to the loss of most of the transgene-expressing territory
(marked with GFP, Figures 2E, 2F, and S3). Interestingly, tissue
loss, cell delamination, and JNK activation were fully rescued by
co-depleting Msl1 (Figures 2H and S3). Thus, the ectopic activa-
tion of the MSLc makes a major contribution to the deleterious
effects caused by Sxl depletion in female tissues. Taken together,
these results indicate that, as occurs with highly aneuploid cells,
GDI for the X chromosome induces cell delamination and JNK-
dependent apoptosis of delaminating cells.
As shown above, CIN-induced changes in X chromosome
number (loss of one X chromosome in females or gain of one
X chromosome in males) are compatible with cell viability and
proliferation (Figure 1).We thus addressedwhether the observed
resetting of the activity of the MSLc contributes to buffering the
chromosome-wide GDI caused by changes in X chromosome
number. In females, depletion of the MSLc did not have any
impact on apoptosis, and the resulting adult structures were un-
affected (Figures 2A–2C, and S3). However, in female tissues
subject to CIN the depletion of the MSLc caused an increase
in cell death (Figures 2I and 2K) and a greater CIN-induced tissueer Inc.
Figure 2. The DCM Buffer Changes in X Chromosome Number
(A–J, L–O) Adult eyes, wings, and wing primordia of female or male individuals expressing the indicated transgenes under the control of the ey-gal4, nub-gal4, or
en-gal4 drivers. Wing primordia were stained for TUNEL (red, B, E, G, I, J), MMP1 (red, C, F, G, H), DAPI (blue, B, C, E–J), Sxl (red, N, O), and Msl2 (green, N, O).
Arrows point to groups of cells entering the apoptotic pathway (B, E) and inducing MMP1 expression (C, F), to cells that have delaminated basally but do not
express MMP1 (G), or to cells that have lost Sxl and express Msl2 (N, high magnification is shown in the lower panels). Percentages of wing discs with patches of
cells that had lost Sxl expression are shown in (N) and (O). A, anterior compartment; P, posterior compartment. Scale bars, 50 mm.
(K) Histogram plotting the amount of TUNEL-positive signal in the P compartment of wing primordia of the indicated genotypes. Error bars represent SEM.
***p < 0.001, **p < 0.01. n (wing discs) = 8–18.
See also Figure S3.size reduction of the resulting adult structures (Figures 2L and
S3). These findings suggest that reactivation of the MSLc in fe-
male tissues subject to CIN buffers the deleterious effects
caused by the loss of one X chromosome. A similar result was
obtained upon Sxl depletion in male tissues subject to CIN
when compared with controls (Figures 2J, 2K, and 2M). These
observations suggest that the ectopic expression of Sxl buffers
the deleterious effects caused by the presence of two X chromo-
somes in male cells. We next monitored whether female cellsDeveloplosing one X chromosome (visualized by the loss of Sxl expres-
sion) are maintained in the epithelium when unable to reactivate
theMSLc. In female larvae expressing rod-RNAi with the en-gal4
driver, 63% of wing discs showed visible patches of cells that
lost Sxl expression and gained Msl2 expression (Figure 2N).
Interestingly, these patches could not be detected in females ex-
pressing both rod-RNAi and msl1-RNAi (Figure 2O). These re-
sults indicate that, upon changes in X chromosome number,
cells need to reset MSLc/Sxl activity to maintain their viability.mental Cell 36, 290–302, February 8, 2016 ª2016 Elsevier Inc. 293
Figure 3. Changes in the Activity of the DCM Induces a JNK-Dependent Tumorigenic Behavior upon Additional Blockade of Apoptosis
(A–G, I) Female or male wing primordia expressing the indicated transgenes in clones of cells (A) or under the control of the en-gal4 or ap-gal4 drivers (B–G, I), and
stained for MMP1 (red, A–D), GFP (green, A, B), E-Cad (green or white, C, D), aPKC or Lam (green, C), DAPI (blue, A–G, I), myristoylated-Tomato (myrT, red or
white, E–G, I), Lam or Wg (green or white, F), Wg (green, G), and MMP1 (green, I). In the lower panels of (A), clones were also mutant for Df(H99). In (A) and (C),
cross sections are shown and the apical (ap) and basal (bs) sides of the epithelium aremarked. In (E) and (F), higher magnification of the squared regions is shown
in the lower panels. Arrows in (A) and (C) point to delaminating cells expressing MMP1 with delocalized E-cad, aPKC, and Lam. Scale bars represent 50 mm
(B, E–G, I), 5 mm (D), or 20 mm (A, C).
(H) Histogram plotting the dorsal/total size ratio of wing primordia expressing the indicated transgenes. Error bars denote SEM. ***p < 0.001, **p < 0.01. n (wing
discs) = 12–18.
See also Figure S4.Interfering with the DCM Induces a Tumorigenic
Behavior
CIN induces tumor-like overgrowths upon blockade of the
apoptotic machinery, and this tumorigenic response relies
mainly on the production of highly aneuploid cells that delami-
nate from the epithelium and activate a JNK-dependent tran-
scriptional response (Dekanty et al., 2012). We first addressed
whether interfering with the DCM induces a similar cellular
response upon apoptosis inhibition. For this purpose, we
generated clones of cells expressing both p35 and Sxl-RNAi
in females or clones of cells mutant for the pro-apoptotic genes
hid, grim, and reaper (in Df(H99) clones) and expressing msl1-
RNAi in male tissues. We also used a Gal4 driver expressed
in the anterior (A) compartment of the wing together with p35
and a dicer2 transgene to enhance RNAi-mediated knockdown
of msl1 in male tissues. In all of these cases, interfering with the
DCM mimicked the cell autonomous behavior of aneuploid
cells in terms of cell delamination and JNK activation (Figures
3A and S4). These results also indicate that, as occurs with
aneuploid cells, cell delamination is not a simple consequence
of the induction of apoptosis.294 Developmental Cell 36, 290–302, February 8, 2016 ª2016 ElseviThe capacity of CIN to generate tissue overgrowth relies on the
interaction between two cell populations: highly aneuploid de-
laminating cells that induce JNK-dependent expression of the
mitogenic molecule Wingless (Wg) and the non-delaminated tis-
sue responding to Wg and driving hyperplasic tissue overgrowth
(Dekanty et al., 2012). To analyze the capacity of GDI to pheno-
copy the effects on tissue growth caused by CIN, we interfered
with the DCM in large territories of the wing primordia but without
using the dicer2 transgene, to reduce the amount of gene deple-
tion and produce JNK pathway activation only in some cells. Un-
der these circumstances, expression of msl1- or msl2-RNAi in
males (or Sxl-RNAi in females) together with p35 induced the
expression of MMP1 specifically in those cells that delaminate
(Figures 3B, 3C, and S4). Epithelial architecture relies on the po-
larization of the plasma membrane into apical and basolateral
domains, which are separated by the adherens junctions. We
used antibodies against atypical protein kinase C (aPKC), E-cad-
herin (E-Cad), and laminin (Lam) to visualize the subapical, junc-
tional, and basal domains, respectively, in delaminating cells.
Interestingly, E-Cad lost its tight junctional localization (Figures
3C and 3D), and aPKC and Lam were clearly mis-localizeder Inc.
Figure 4. CIN-Induced DNA Damage Contributes to JNK Activation and Apoptosis
(A–E, G)Wing discs and adult eyes expressing the indicated transgenes under the control of the en-gal4, ey-gal4 or ap-gal4 drivers.Wing discswere stained for PH3
(green, A), PH2Av (red, B; green orwhite, D), Ci (green, B), DAPI (blue, A, B, D, G), TUNEL (red, D), myrT (green, E), MMP1 (red orwhite, E; red, G), andGFP (green,G).
In (A), examples of lagging chromosomes at anaphase are indicated bywhite arrows. Scale bars represent 5 mm (A) and 50 mm (B, D, E, G). (D, right panel) Histogram
plotting the amount of TUNEL-positive signal in the P compartment of wing primordia of the indicated genotypes. n (wing discs) = 5–14. (G, left panel) Histogram
plotting the P/A size ratio of wing discs of the indicated genotypes. n (wing discs) = 11–25. Error bars denote SEM; ***p < 0.001; **p < 0.01; *p < 0.05.
(F) DNA content profile of dorsal (D) and ventral (V) wing cells of individuals of the indicated genotypes. Percentage of cells with DNA content higher than 4n is
indicated.
See also Figures S5.(Figure 3C, white arrows). Delaminating cells became motile,
tended to be located far away from the site of delamination (Fig-
ures 3E and S4), and degraded the basement membrane (visual-
ized by Lam, Figure 3F). These cells were also expressing Wg
(Figures 3F and 3G), and consequently wing primordia were
largely overgrown when compared with control wing discs (Fig-
ures 3G and 3H). Interestingly, the effects on JNK activation
observed upon Sxl depletion combined with p35 expression
were rescued by co-depleting Msl-1 (Figure 3I). Thus, ectopic
activation of the MSLc makes a major contribution to the
observed tumorigenic behavior caused by Sxl depletion in fe-
male tissues. Taken together, these results indicate that, as
observed in CIN-induced aneuploidy, GDI for the X chromosome
is sufficient to induce a JNK-dependent tumorigenic behavior
upon inhibition of the apoptotic pathway.DevelopIn mammals, XIST is involved in X chromosomal inactivation
in females, and loss of XIST can cause hematopoietic cancer
in mice (Yildirim et al., 2013). In this report, XIST depletion
was suggested to cause genomic instability (GI). Thus, the
relative contribution of chromosome-wide GDI and GI to
tumorigenesis remained unclear. We thus addressed whether
interfering with the DCM led to the induction of GI in
Drosophila tissues. The DNA damage sensor ATM recruits
and phosphorylates the histone H2A variant, H2AX, to mark
the sites of damage. In male wing discs depleted of Msl1 or
Msl2, we observed levels of phosphorylated H2Av (P-H2Av),
the functional homolog of H2AX in Drosophila, similar to those
found in control wings (Figure S4). In addition, the DNA content
profile of female cells depleted of Sxl was also very similar to
that of wild-type control cells (Figure S4). These resultsmental Cell 36, 290–302, February 8, 2016 ª2016 Elsevier Inc. 295
indicate that the tumorigenic potential of GDI does not rely on
the induction of GI.
The DDR Pathway Buffers CIN-Induced Apoptosis and
Tumorigenesis
In addition to the stoichiometric imbalances caused by full-chro-
mosomemis-segregation, lagging chromosomes are frequent in
cells with SAC defects, and those chromosomes are likely to be
damaged. As a consequence, the DDR pathway can be acti-
vated (Janssen et al., 2011). We frequently observed lagging
chromosomes during mitosis in tissues subject to CIN (Fig-
ure 4A), and these tissues showed increased levels of P-H2Av
(Figure 4B). We thus addressed the role of the DDR pathway in
buffering the deleterious effects of CIN. InDrosophila, DNA dam-
age-induced cell cycle arrest and apoptosis are controlled inde-
pendently by ATM and ATR. While the ATM targets Chk2 and
Dp53 regulate the immediate apoptotic response of the tissue
to DNA damage, cell cycle arrest in G2 is controlled by the activ-
ity of dATR (Mei-41 in flies) and its target dChk1 (Grapes in flies).
The repair of double-strand breaks (DSBs) is mediated in G2 by
an error-free mechanism called homologous recombination
(HR), and also by a potentially error-prone mechanism called
non-homologous end-joining (NHEJ). The DEAD-like helicase
DmRAD54 (Okra in flies) plays an essential role in HR, while the
activity of ATP-dependent DNA ligase Lig4 executes the NHEJ.
We tested how the combined RNAi-mediated down-regula-
tion of bub3 and DDR genes in the eye primordium affected
the CIN-induced phenotype in the resulting adult eyes. Depletion
of bub3 caused a slight reduction in the size of the adult eyes
(Figure 4C). The depletion of mei-41 and grapes, or okra and
lig4 gave rise to normal-looking adult eyes in an otherwise
wild-type background (Figure 4C, bottom panels). In contrast,
co-depletion of bub3 and these DDR genes resulted in strongly
reduced eyes (Figure 4C, top panels) and a dramatic increase
in the number of CIN-induced apoptotic cells, which correlated
with a mild increase in the levels of P-H2Av in developing
primordia (Figure 4D). The overall levels of CIN-induced JNK
activation were also clearly increased upon co-depletion of the
DDR genes (Figure 4E). Depletion of DDR genes alone did not
cause anymajor effects on cell death, DNA damage, or JNK acti-
vation (Figure S5). These data indicate that the DNA repair ma-
chinery contributes to buffering the deleterious effects of CIN
in proliferating epithelial cells.
Several observations indicate that the early apoptotic
response to DNA damage contributes minimally to cell death in
tissues subject to CIN and that the observed enhancement
caused by depleting genes involved in cell cycle arrest or DNA
repair most probably arises from the genome rearrangements
generated by the imprecise repair of DSBs. First, the amount
of JNK activation and resulting cell death observed in tissues
subject to CIN and expressing RNAi against DDR genes were
much larger than the number of P-H2Av-positive cells (Figures
4D and 4E). Second, depletion of Dp53 (involved in the early
apoptotic response to DNA damage), either by expressing
RNAi or a dominant negative form (Dp53-H159N), did not affect
the eye phenotype caused by bub3 depletion (Figure 4C) and
had no impact on the number of CIN-induced apoptotic cells in
developing primordia (Dekanty et al., 2012; Morais da Silva
et al., 2013). Third, and most importantly, interference with the296 Developmental Cell 36, 290–302, February 8, 2016 ª2016 ElseviDDR pathway increased the levels of CIN-induced aneuploidy
(Figures 4F and S5). Consistent with the link between aneuploidy
and tumorigenesis, depletion of DDR genes involved in cell cycle
arrest or DNA repair enhanced the tissue overgrowth induced by
CIN upon apoptosis inhibition (Figure 4G). Taken together, these
results indicate that the DDR pathway buffers the deleterious ef-
fects of CIN and counteracts its pro-tumorigenic action.
CIN-Induced ROS Contributes to JNK Activation and
Tumorigenesis
Our data are consistent with the proposal that aneuploidy,
caused by changes in the number of chromosomes or by DNA
damage-induced chromosomal rearrangements, results in GDI,
and indicate that this imbalance makes a major contribution to
CIN-induced JNK activation and tumorigenesis. We next
analyzed the transcriptional profile of tissues subject to CIN to
identify the molecular mechanisms underlying aneuploidy-
induced JNK activation and tumorigenesis. To increase the num-
ber of aneuploid cells in the tissue, we blocked apoptosis with
p35. We compared the transcriptional profile of highly aneuploid
delaminating cells with that of non-delaminating cells. CIN was
induced in this case by RNAi against asp, a gene involved in
the spindle assembly, as this experimental condition gave the
strongest difference in GFP expression levels of the MMP1-
GFP reporter between delaminating and non-delaminating cells.
Geneset enrichment analysis (GSEA) revealed a striking enrich-
ment of gene ontology biological processes associated with
the JNK pathway and cell migration (Table S1). Delaminating
cells were enriched in previously identified JNK targets (Table
S2), such as the JNK-phosphatase Puckered, the pro-invasion
factor MMP1, and the Serine-protease Scarface, as well as
signalingmolecules regulated by JNK, previously shown to delay
normal development in tumor models (Ilp8), to causemalignancy
to the host by promoting organ wasting (Impl2), and to promote
tumor growth (Unpaired cytokines). The transcriptome dataset
thus contains well-known genes that contribute to tumorigenesis
in fly epithelia and reinforce the pro-tumorigenic action of CIN.
In mammals, aneuploidy induces metabolic stress, increased
glucose consumption, and lactate and ROS production (Foijer
et al., 2014; Li et al., 2010; Stingele et al., 2012; Thompson and
Compton, 2010; Williams et al., 2008). Interestingly, several
metabolic regulators were up-regulated in the delaminating cell
population, including the lactate dehydrogenase ImpL3 (Table
S2), which contributes to a Warburg-like metabolic shift in hu-
man tumors (Hanahan and Weinberg, 2011). Moreover, GSEA
also revealed an enrichment in delaminating cells of genes
involved in buffering ROS (Table S1), including several gluta-
thione S-transferases and other detoxifying proteins (Tables S1
and S2). We next monitored the production of ROS upon CIN in-
duction in developing wing primordia by using the gstD-GFP re-
porter, which is activated by ROS in Drosophila tissues (Sykiotis
and Bohmann, 2008). We first analyzed tissues in which the
apoptotic pathway was not blocked, and found that the reporter
was strongly activated in highly aneuploid delaminating cells
entering the apoptotic pathway (Figure 5A). ROS production
was highest in CIN-induced aneuploid cells located on the basal
side of the epithelium (Figure 5A, bottompanel, arrow). The gstD-
GFP reporter was also autonomously induced in male tissues
expressing msl1- or msl2-RNAi (Figure 5B) and female tissueser Inc.
Figure 5. CIN-Induced ROS Contributes to JNK Activation and Apoptosis
(A–D, F–I) Wing primordia expressing the indicated transgenes under the control of the en-gal4 driver, and stained for DAPI (blue), gstD-GFP (green, A, B, C, F, G),
the activated form of caspase 3 (Casp3*, red, A, B, C, D), MMP1 (red, C, F, G, H), Wg (red, I), and Ci (green, H, I). Bottom panel in (A) and right panel in (B) show
cross sections of wing discs to visualize pyknotic nuclei located on the basal (bs) side of the epithelium (arrows). Inset in (G) shows cross section of thewing disc to
visualize co-expression of MMP1 and gstD-GFP in delaminating cells. Ci is used in (H) and (I) to label the A compartment. Scale bars represent 50 mm (A, B, top
panels, and C, D, F, G, H, I) and 20 mm (A, bottom panel; B, right panel; G, inset).
(E, J, J0) Histograms plotting the number of Casp3*-positive cells in the P compartment (E) and the P/A size ratio of wing primordia of the indicated genotypes
(J, J0). In (J0), either water or N-acetylcysteine (NAC) was added to the fly medium. Error bars denote SEM. ***p < 0.001, **p < 0.01, *p < 0.05. n (wing discs) = 8–10
(E), 8–12 (J), 38–63 (J0 ).
See also Figure S6 and Table S1.expressing Sxl-RNAi (Figure S6). In these cases, high levels of
ROS were observed both in the non-delaminated epithelial layer
as well as in the delaminating cells (Figure 5B). We confirmed the
production of ROS by the use of CellROX, a fluorogenic probe for
measuring oxidative stress in living cells (Figure S6). Taken
together, these observations suggest that ROS is a result of
GDI caused either by CIN-induced aneuploidy or interference
with the DCM. Importantly, the production of ROS was not a
consequence of JNK activation, as gstD-GFP expression was
still observed upon blockade of the JNK pathway (Figures 5A
and S6). Neither was ROS the result of entry into the apoptoticDeveloppathway, as it was observed in p35 expressing tissues (Figures
5F, 5G, and S6). In these tissues, ROS production was restricted
to CIN-induced aneuploid cells labeled by the expression of
MMP1 (Figures 5F, 5G, and S6). Interestingly, ROS production
contributed to CIN-induced JNK activation and tumorigenesis,
as co-expression of the ROS scavengers catalase (CAT(A))
and superoxide dismutase 2 (SOD2) reduced the number of
CIN-induced apoptotic cells (Figures 5D and 5E) and the CIN-
induced Wg expression and tissue overgrowth upon apoptotic
inhibition (Figures 5I and 5J). Tissue overgrowth was similarly
rescued by supplementing the medium with the anti-oxidantsmental Cell 36, 290–302, February 8, 2016 ª2016 Elsevier Inc. 297
Figure 6. p38 Signaling Dampens CIN-Induced JNK Activation
(A–C, E–H, J–M) Wing primordia and adult eyes expressing the indicated transgenes under the control of the en-gal4 or ey-gal4 drivers, and stained for DAPI
(blue), P-p38 (red or white, A, F, G, J–L), the activated form of caspase 3 (Casp3*, red, E), TUNEL (red, C, H), MMP1 (red, E, M; green, J–L), Wg (red, M), and Ci
(green, C, E, G, M). Ci labels the A compartment. Arrows in (F) and (G) point to pyknotic nuclei located on the basal side of the epithelium. Scale bars represent
50 mm (A, C, E, F–H, J, K, M), 20 mm (right panel of F), and 10 mm (right panel of G).
(D, I, N) Histograms plotting the amount of TUNEL-positive signal in the P compartment (D, I) or the P/A size ratio (N) of wing primordia of the indicated genotypes.
Error bars denote SEM. **p < 0.01, *p < 0.05. n (wing discs) = 10–12 (D), 16–32 (I), 13–22 (N). See also Figure S7.N-acetylcysteine (NAC, Figure 5J0) or vitamin E (Figure S6).
Further support for the importance of ROS in CIN-induced phe-
notypes was obtained by interfering with the thioredoxin (Trx)
system, an endogenous defense system against oxidative
stress. We found that RNAi-mediated down-regulation of thiore-
doxin reductase-1 (TrxR-1, the catalytic component of the Trx
system) inducedROS, JNKactivation, and apoptosis (Figure 5C),
while additional blockade of the apoptotic pathway led to over-
grown tissues (Figure 5H). These results indicate that ROS pro-
duced by GDI contributes to CIN-induced JNK activation and
tumorigenesis.
p38 Signaling Counteracts CIN-Induced JNK Activation
In mammals, the p38 signaling pathway has been implicated in
the cellular response to CIN by phosphorylating p53 and
inducing p21-dependent cell cycle arrest (Thompson and
Compton, 2010). We observed that the p38 pathway (visualized
with an antibody that detects the phosphorylated and active
form of p38, P-p38) was activated upon CIN and that this acti-
vation was dependent on licorne, a Drosophila kinase that ac-
tivates p38 (Figure 6A). Remarkably, activation of p38 was
observed in the main epithelium, and P-p38 levels were unde-
tectable in the apoptotic cells located basally (Figure 6A). We298 Developmental Cell 36, 290–302, February 8, 2016 ª2016 Elsevinext addressed the importance of p38 signaling in the response
of epithelial cells to CIN. Interestingly, depletion of genes
involved in the p38 pathway in otherwise wild-type eyes did
not have phenotypic consequences in terms of tissue size,
but clearly enhanced the CIN-induced eye phenotype caused
by bub3 depletion (Figure 6B). The tissue size reduction was
also accompanied by a clear increase in the amount of CIN-
induced MMP1 expression and apoptotic cell death (Figures
6C–6E). Both MMP1 expression and apoptotic cell death, but
not cell delamination, were largely rescued upon blockade of
the JNK pathway (Figure 6E, note the large number of cells
located on the basal side of the epithelium). These data indi-
cate that p38 signaling plays a protective role in epithelial tis-
sues subject to CIN. GDI caused by msl1 down-regulation in
male tissues or RNAi-mediated down-regulation of TrxR-1
also induced restricted activation of p38 to the main epithelium,
and this activation was absent in apoptotic cells located basally
and expressing MMP1 (Figures 6F and 6G, arrows). Interest-
ingly, depletion of licorne also enhanced the amount of
apoptotic cell death caused by msl1 depletion in male tissues
(Figures 6H and 6I).
The inhibition of apoptosis in CIN-induced epithelial cells
leads to tissue overgrowth (Dekanty et al., 2012). We founder Inc.
Figure 7. A Dual Role of JAK-STAT Signaling in Tumor Growth and Compensatory Cell Proliferation
(A, B, D–F)Wing primordia and adult eyes expressing the indicated transgenes under the control of the ap-gal4 or ey-gal4 drivers. Wing primordia were stained for
DAPI (blue), myrT (red), STAT-GFP (green, A, D), and Upd3-lacZ (antibody to bGal, green, B, E). White arrows in (E) point to Upd3-lacZ-expressing cells. In (F), the
eyes in the right panels are also heterozygous for the Stat92E85C9 allele or hemizygous for a deletion that removes the upd2 and upd3 genes. Scale bars, 50 mm.
(C) Histogram plotting the dorsal/total ratio of wing primordia of the indicated genotypes. Error bars denote SEM. ***p < 0.001, *p < 0.05. n (wing discs) = 6–13.
(G) Schematic depicting the cellular and tissue-wide consequences of CIN in fly epithelial tissues.that co-expression of rod-RNAi and p35 resulted in strong p38
signaling activation (Figure 6J), and that co-depletion of licorne
increased the overall expression levels of Wg and MMP1 (Fig-
ure 6M) as well as the resulting tissue overgrowth (Figure 6N).
Of note, the activation of p38 was again restricted to the
main epithelium and was not observed in delaminating cells,
labeled by the expression of MMP1 (Figures 6J and 6L). These
observations open the possibility that p38 is activated in the
main epithelium by a certain level of aneuploidy and that JNK
shuts down p38 signaling in delaminating cells. Indeed, upon
expression of Basket-DN p38 activity was observed in delami-
nating cells (Figure 6K). Interestingly, the increase in CIN-
induced JNK activation caused by depletion of the p38
signaling pathway was not caused by the production of a
higher number of aneuploid cells (Figure S7), and both cell cy-
cle progression and the amount of DNA damage observed in
CIN-induced tissues were both largely unaffected by licorne
depletion (Figure S7).
Taken together, these results indicate that activation of p38
by CIN-induced ROS is needed to counteract aneuploidy-
induced cell delamination and JNK activation, and that JNK
and p38 restrict each other’s activation in two distinct cell
populations.
CIN-Induced Cytokines Drive Compensatory
Proliferation and Tumor Growth
Despite the dramatic levels of apoptosis observed in developing
tissues subject to CIN, the impact on the size of the resulting
adult structures was mild. This observation is reminiscent of
the classic experiment performed 40 years ago in which at least
40%–60%of cells in theDrosophilawing disc can be lost by pro-
grammed cell death, yet these discs go on to give rise to normal-Developlooking adult wings as a result of compensatory proliferation
(Haynie and Bryant, 1977). Interestingly, our transcriptome data-
set identified Unpaired (Upd) cytokines as being highly enriched
in delaminating cells (Table S1). Upd ligands are regulated by
JNK in epithelial tumors and activate the conserved JAK/STAT
signaling pathway to induce cell proliferation (Bunker et al.,
2015; Ohsawa et al., 2012). In CIN-induced tissue overgrowths,
JAK/STAT activity was highly up-regulated, as monitored by the
10XSTAT-GFP reporter line (Figure 7A) and by expression of
Upd3 in delaminating cells (Figure 7B). Moreover, expression
of a dominant negative form of the Upd receptor (Dome-DN)
rescued the CIN-induced tissue overgrowth (Figure 7C). We
analyzed whether activation of this pathway buffers the delete-
rious effects of CIN through the induction of compensatory pro-
liferation. JAK/STAT activity was also up-regulated in tissues
subject to CIN (Figure 7D), and scattered expression of Upd3
was observed in dying cells located on the basal side of the
epithelium (Figures 7D and 7E, arrows). Most interestingly,
depletion of STAT activity by different means gave rise to
normal-looking adult eyes in an otherwisewild-type background,
but it strongly enhanced the CIN-induced eye phenotype caused
by bub3 depletion (Figure 7F). Taken together, these results indi-
cate that themitogenic JAK/STAT signaling pathway, induced by
the up-regulation of the Upd ligands in highly aneuploid cells,
buffers the deleterious effects of CIN in epithelial tissues by
restoring tissue loss.
DISCUSSION
CIN, Aneuploidy, and Gene Dosage Imbalance
Drosophila larval primordia have proved useful model systems to
identify a central role for highly aneuploid cells in CIN-inducedmental Cell 36, 290–302, February 8, 2016 ª2016 Elsevier Inc. 299
tumorigenesis (Dekanty et al., 2012). Depletion of SAC genes
leads to CIN and the production of highly aneuploid cells. These
cells delaminate from the tissue, activate JNK, and die by
apoptosis (Figure 7G). When apoptosis is blocked, JNK drives
the expression of mitogenic molecules andMMPs, which induce
tumor-like tissues that grow extensively and can metastasize
when transplanted into the abdomen of adult hosts. The induc-
tion of CIN by different means, but with identical cellular and
tissue-wide consequences, rules out the possibility of gene-spe-
cific effects and indicates that cell delamination and JNK activa-
tion are a direct consequence of aneuploidy. In the present work,
we analyzed the contribution of chromosome-wide GDI to aneu-
ploidy-induced cell delamination, JNK activation, apoptosis, and
tumorigenesis. For this purpose, we utilized the DCM of
Drosophila that targets the single X chromosome in males to in-
crease gene transcription to a similar level as that observed in
autosomal chromosomes. Our results indicate that CIN-induced
changes in X chromosome number reset the MSLc and that this
resetting leads to a reduction in CIN-induced apoptosis. Inter-
fering with the DCM suffices to phenocopy the behavior of highly
aneuploid cells in an epithelial tissue, including cell delamination
and JNK-dependent apoptosis, or tumorigenesis upon
apoptosis inhibition. Interestingly, the cellular and tissue-wide
responses observed following interference with the DCM are in-
dependent of whether X chromosome gene expression is
increased or reduced with respect to that of the autosomes.
These results are consistent with experimental evidence
showing that the deleterious effects of aneuploidy are a general
consequence of a mass action of copy number changes and not
a consequence of changes in the copy number of a few espe-
cially harmful genes (Bonney et al., 2015). In humans, supernu-
merary X chromosomes have been associated with cancer,
and X chromosome aneuploidies increase the risk of certain
types of cancer (Pageau et al., 2007). In mice, loss of XIST
RNA, which is involved in X chromosomal inactivation in females,
induces highly aggressive blood tumors (Yildirim et al., 2013). All
of these results support a conserved contribution of chromo-
some-wideGDI to tumorigenesis in flies andmammals, and raise
the possibility that these imbalances contribute to the influence
of GI on cancer progression.
CIN and the DDR Pathway
In SAC-depleted mitotically active tissues, mistakes in kineto-
chore/microtubule attachments can result in lagging chromo-
somes, which are frequently damaged and induce the activation
of the DDR pathway (Janssen et al., 2011). The early apoptotic
response to DNA damage does not contribute significantly to
the cell death observed in tissues subject to CIN, as depletion
of Dp53 activity does not have any effect on the levels of JNK
activation and apoptosis (Dekanty et al., 2012). By contrast,
here we show that depletion of genes involved in either DNA
damage-induced cell cycle arrest or DNA repair enhance the
deleterious effects of CIN and its pro-tumorigenic action. Inter-
estingly, both the HR DNA repair mechanism and the potentially
error-prone NHEJ DNA repair mechanism appear to be impli-
cated. The pro-tumorigenic consequences of depleting genes
encoding cell cycle regulators or DNA repair factors in CIN-
induced tissues unable to enter into apoptosis most likely result
from increased levels of genome rearrangements generated by300 Developmental Cell 36, 290–302, February 8, 2016 ª2016 Elsevithe imprecise repair of DSBs. This proposal is based on the
observations that tissues subject to CIN and expressing RNAi
against DDR genes have very high levels of JNK activity when
compared with the relatively smaller number of P-H2Av-positive
cells, and interfering with the DDR pathway increases the levels
of CIN-induced aneuploidy. Similar results have been reported in
wing primordia subject to ionizing radiation-induced DNA dam-
age, where a late Dp53-independent, but JNK-dependent,
apoptotic response was proposed to be an indirect conse-
quence of genome rearrangements generated by the imprecise
repair of DSBs (McNamee and Brodsky, 2009). When ionizing ra-
diation-treated tissues express p35, sustained JNK activation is
also independent of Dp53, restricted to delaminated cells, and
responsible for the tumorigenic behavior (Dekanty et al., 2015).
We thus propose that both segmental aneuploidy (as a conse-
quence of DNA damage and the resulting chromosome rear-
rangements) and whole-chromosome aneuploidy (as a result of
changes in chromosome number) induce wide GDI that leads
to JNK activation and tumorigenesis in tissues exposed to CIN
(Figure 7G).
ROS and p38 Signaling
In mammals, aneuploidy induces metabolic stress, increased
glucose consumption, and elevated production of lactate and
ROS, and highly aneuploid tumor cells in mouse CIN models
exhibit a metabolic burden similar to that observed in aneuploid
cells in culture. Here we present evidence that aneuploidy and
chromosome-wide GDI in fly cells also induce ROS production,
and that ROS are not a consequence of apoptosis induction.
Importantly, ROS contribute to JNK-dependent cell death and
tumorigenesis (Figure 7G). In cultured mammalian cells, the
p38 signaling pathway contributes to the CIN response by phos-
phorylating p53 and inducing p21-dependent cell cycle arrest
(Thompson and Compton, 2010). We demonstrate that both
CIN and GDI induce p38 activation in proliferating fly epithelial
tissues, most likely as a consequence of ROS production, as re-
ported in mammals (Dolado et al., 2007). Our results also unravel
a protective role of p38 signaling to CIN, as p38 depletion
enhanced the deleterious effects of CIN in terms of JNK-depen-
dent apoptosis induction and tumorigenesis (Figure 7G).
Interestingly, this enhancement is not a consequence of the
production of a higher number of aneuploid cells. Remarkably,
p38 activation is not detected in highly aneuploid delaminating
cells as a consequence of JNK activation, indicating that p38
and JNK signaling pathways restrict each other’s activities.
CIN-Induced Cytokines in Compensatory Cell
Proliferation and Tumor Growth
Wing primordia are highly homeostatic tissues with a strong ca-
pacity to regenerate a missing part or to compensate massive
cell death bymeans of cell proliferation.Weobserved that despite
the dramatic levels of apoptosis observed in primordia subject to
CIN, the impact on the size of the resulting adult structures was
mild. Thus, compensatory proliferation appears to buffer, at the
tissue-wide level, the deleterious effects of CIN. The implication
of Upd cytokines and the JAK-STAT signaling pathway in the
compensatory proliferation during CIN-induced tissue loss con-
firms this hypothesis. Interestingly, sustained expression of Upd
cytokines contributes to tumor growth in CIN tissues that areer Inc.
unable to remove aneuploid cells by apoptosis. These cytokines
have also been reported to contribute to both tissue regeneration
(Katsuyamaet al., 2015) andoncogene-driven tumorgrowth in the
wing primordium (Ohsawa et al., 2012). Our results thus reinforce
the dual role of the samemolecularmechanisms in tissue homeo-
stasis and tumor growth, and reveal the deleterious conse-
quences of maintaining damaged cells in a tissue. Mammalian
organs with strong regeneration capacity, such as the liver, use
the same signaling molecules to regenerate a missing part or to
induce tumorigenesis in response to chronic inflammation (Sa-
kurai et al., 2008). These results suggest the possibility that sus-
tained expression of mitogenic cytokines, originally triggered to
compensate for tissue loss, also contributes to CIN-induced
tumorigenesis in mammals (Figure 7G).
EXPERIMENTAL PROCEDURES
Drosophila Strains
The following strains were provided by the Bloomington Drosophila Stock Cen-
ter (BDSC), the Vienna Drosophila RNAi Center (VDRC), or the National Institute
of Genetics in Japan (NIG): UAS-rodRNAi (VDRC 19152); UAS-bub3RNAi (VDRC
21037); UAS-aspRNAi (VDRC 110177); UAS-msl-1RNAi (BDSC 9239); UAS-msl-
2RNAi (VDRC 102386); UAS-SxlRNAi (BDSC 34393); UAS-gfpRNAi (BDSC
35786); UAS-mei-41RNAi (VDRC 11251); UAS-grapesRNAi (VDRC 110076);
UAS-okraRNAi (VDRC 104323); UAS-lig4RNAi (VDRC 107044); UAS-Dp53RNAi
(VDRC 10692); UAS-Dp53H159N (BDSC 8420); UAS-Trxr1RNAi (VDRC 47308);
UAS-licRNAi (VDRC 106822, 20166 and 35154); UAS-p38bRNAi (NIG 7393R-3);
UAS-Atf-2RNAi (VDRC 7413, NIG 3749R-2); UAS-statRNAi (VDRC 106980,
43866); en-Gal4 (BDSC 1973); ap-Gal4 (BDSC 3041); nub-Gal4 (BDSC
38418); ey-Gal4 (BDSC 5535); UAS-p35 (BDSC 5072 and 5073); UAS-Sod2
(BDSC 24494), UAS-catalase (BDSC 24621), Ubiquitin-GFP (Ubi-GFP, BDSC
1681); UAS-myristoylated-Tomato (UAS-myrT, BDSC 32221 and 32222),
upd2D upd3D (BDSC 55729). UAS- puckered, UAS- bskK53R (UAS-bsk-DN),
MMP1-GFP (Uhlirova and Bohmann, 2006), 10XSTAT-GFP, unpaired-3.3-
lacZ, gstD-GFP (Sykiotis and Bohmann, 2008), and UAS-DomeDCYT (Dome-
DN) are described in Flybase.
Mosaic Analysis
Loss-of-function clones for the H99 deficiency and expressing msl1RNAi were
generated in males of the following genotype: hs-FLP, tub-Gal4, UAS-GFP/Y;
UAS-msl1RNAi/+; FRT2A tub-Gal80/FRT2A Df(H99). Clones of cells expressing
GFP, SxlRNAi and p35 were performed in hs-FLP/+; act >> Gal4, UAS-GFP/+;
UAS-SxlRNAi, UAS-p35/+ female individuals. Larvae were heat-shocked at
38C for 1 hr (MARCM clones) or 10 min (Flip-Out clones), and wing discs
were dissected 72 hr after clone induction.
Immunohistochemistry
The following antibodies were used at the indicated dilutions: Rabbit anti-Gal4
(1:100) (sc577, Santa Cruz Biotechnology); rabbit anti-Laminin g1 (1:500)
(ab47651, Abcam); rabbit anti-P-p38 (1:50) (4511, Cell Signaling); mouse
anti-MMP1 (1:20) (14A3D2, Developmental Studies Hybridoma Bank,
DSHB); rabbit anti-caspase-3-activated (1:100) (D175, Cell Signaling); rat
anti-Ci (1:10) (2A1, DSHB); mouse anti-Wg (1:20) (4D4, DSHB); rabbit anti-
aPKC (1:500) (sc-216, Santa Cruz); rat anti-E-cadherin (1:50) (DCAD2,
DSHB); rabbit anti-P-H2AV (1:500) (S137, Rockland); rabbit anti-PH3
(1:1,000) (Cell Signaling); rabbit anti-p35 (1:200) (NB100-56153,Novus Biolog-
icals); goat anti-MSL2 (1:100) (sc-32459, Santa Cruz); mouse anti-Sxl (1:10)
(M18, DSHB). Secondary antibodies were obtained from Molecular Probes.
ROS Scavenging
First-instar larvae were transferred to vials containing food supplemented with
the following anti-oxidant concentrations: vitamin E (20 mg/ml, Sigma-Aldrich)
or N-acetylcysteine (NAC; 200 mg/ml, Sigma-Aldrich). Control larvae were
transferred in parallel to vials with standard food. Fresh anti-oxidant stock
solutions (10 mg/ml of NAC, diluted in H2O; 2 mg/ml of vitamin E, diluted in ab-Developsolute ethanol) were prepared every week, stored at 4C, and diluted in fly food
prior to use. 100 ml of anti-oxidant stock solution was added to the vials every
48 hr and 100 ml of H2O MilliQ or absolute ethanol was added to the controls.
Statistical Analysis
Statistical analysis was generally performed by Student’s t test. Differences
were considered significant if p values were less than 0.001 (***), 0.01 (**), or
0.05 (*). All genotypes included in each histogram were analyzed in parallel.
Other experimental details are described in Supplemental Experimental
Procedures.
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